Gallium nitride ͑GaN͒ thin films grown on sapphire substrates were successfully bonded and transferred onto Si substrates using a Pd-In metallic bond. After bonding, a single 600 mJ/cm 2 , 38 ns KrF ͑248 nm͒ excimer laser pulse was directed through the transparent sapphire followed by a low-temperature heat treatment to remove the substrate. Channeling-Rutherford backscattering measurements revealed the thickness of the defective interfacial region to be approximately 350 nm. The full width at half maximum, low-temperature ͑4 K͒, donor-bound exciton photoluminescence ͑PL͒ peak was larger by 25% on the exposed interfacial layer compared to the original GaN surface. Ion milling of the exposed interface to a depth of 400 nm was found to remove the interfacial layer and associated defects. The minimum channeling yield and PL linewidths from the exposed interface were found to be comparable to those obtained from the original GaN surface after ion milling.
The rapid development of GaN-based optoelectronic devices has yielded commercially available blue light-emitting diodes ͑LEDs͒ and more recently blue laser diodes ͑LDs͒. Due to the lack of a bulk large-area GaN substrate, GaN thin films are deposited on available dissimilar substrates such as sapphire or SiC.
1,2 The most commonly used growth substrate, sapphire, imposes constraints on the GaN film quality due to the lattice and thermal expansion coefficient mismatch between the sapphire and GaN. The disparate properties of these two materials introduce a high density of extended defects, such as dislocations and stacking faults, at the GaN thin-film/substrate interface. 3, 4 Furthermore, the sapphire substrate inhibits LED, LD, and transistor device performance due to its poor thermal and electrical conductivity. 5 The inherent sapphire constraints have spurred interest in integrating GaN-based optoelectronics with Si substrates by direct growth of GaN on Si. 6, 7 The Si substrate offers better thermal and electrical conductivity compared to sapphire at a substantially lower cost. The integration of GaN-based optoelectronics with Si-based integrated circuit technology by direct deposition has also allowed the development of color LED displays, although their performance is still typically poorer compared to those LEDs fabricated on sapphire. 8, 9 A thin-film lift-off technique, in conjunction with lowtemperature wafer bonding, may be used as a direct approach for eliminating the sapphire growth substrate and for integrating GaN with more thermally and electrically conductive substrate materials. Ideally, the bonding and lift-off process should not damage the final substrate after transfer; the microstructure and properties of the GaN thin film should be preserved or improved by the process, and the process should be fast and scalable to large wafer diameters. Laser lift-off ͑LLO͒ techniques have been demonstrated to successfully separate GaN thin films from sapphire substrates using the third harmonic of a Q-switched Nd:yttrium-aluminumgarnet ͑YAG͒ laser. 10 We have recently reported the use of a KrF pulsed excimer laser ͑248 nm͒ directed through the transparent sapphire substrate to separate GaN thin films from sapphire substrates without degradation to the GaN film quality. [11] [12] [13] The LLO techniques offer the advantages of rapid processing times without exposure to the etchants that are required for epitaxial lift-off ͑ELO͒ using a sacrificial layer. 14, 15 Furthermore, the short irradiation time and absorption length of the pulsed UV-laser process permits localized laser-thin film interaction at the GaN thin film/sapphire substrate interface.
The removal of the sapphire substrate by LLO readily allows direct characterization and modification of the defective GaN interfacial layer that was first introduced during the GaN growth onto sapphire. Moreover, the lift-off and transfer process will allow for integration of high-quality GaNbased optoelectronics, prefabricated on sapphire substrates, with other substrate materials. In this letter, a band gapselective laser lift-off technique, in conjunction with a Pd-In wafer bonding process was utilized to integrate GaN thin films with Si substrates. The Pd-In bonding process, de- 16 offers good electrical and mechanical properties along with the requisite thermal stability for integrating GaN with Si. The resulting PdIn 3 (T m ϭ664°C) compound formed by a solid-phase reaction 17 during the Pd-In bonding process creates a stable hightemperature intermetallic bond.
GaN thin films on sapphire substrates were bonded to boron doped p-type Si ͑001͒ substrates using the Pd-In pressure bond at 200°C. LLO was performed in air using a Lambda Physik Lextra 200 KrF pulsed excimer laser ͑38 ns pulse width͒ with the incident beam directed through the sapphire substrate. The laser irradiation induces the decomposition of the interfacial GaN into Ga metal and N 2 gas. Separation of the sapphire from the GaN film is then completed by melting the thin Ga-rich interfacial layer (T m ϭ30°C), exposing the former GaN sapphire interface. The Ga on the surface of the exposed interface was easily removed with a 1:1 solution of HCl and de-ionized water. While GaN films up to 10 cm 2 were successfully transferred using the two-step process, several separate 1 cm 2 samples were bonded and transferred to obtain the results presented in this letter. Once uncovered, the GaN film was further modified by exposing the defective interfacial layer to a 1 kV, 1 mA/cm 2 argon ion beam for a 100 nm/min GaN etch rate.
Low-temperature ͑4 K͒ photoluminescence ͑PL͒ was measured to characterize the optical quality of the GaN before and after LLO using a 50 mW HeCd laser with a GaN penetration depth of ϳ150 nm. 18 The PL spectra for the original GaN surface and the exposed GaN sapphire interface are shown in Fig. 1 . The full width at half maximum ͑FWHM͒ of the donor-bound exciton ͑DX͒ peak excited from the interfacial layer exposed by LLO was measured to be ϳ24 meV. Photoluminescence measurements of the interface prior to lift-off yielded the same peak linewidth when luminescence was excited through the polished sapphire substrate. Thus, the LLO process had no apparent effect on the optical quality of the GaN as assessed by PL linewidth. In contrast, the DX peak measured from the GaN surface prior to lift-off was considerably narrower, with a FWHM of ϳ15 meV. Hence, it was hypothesized that the interfacial-layer linewidth broadening may be solely attributed to the high density of extended defects commonly found at the GaN/ sapphire interface 4 and not to damage induced by the LLO process.
To test this hypothesis, the PL measurements were complemented by channeling-Rutherford backscattering spectrometry ͑c-RBS͒ analysis using a 1.95 MeV 4 He ϩ beam in a 165°backscattering geometry. Figure 2 shows the c-RBS results for the as-grown 2.5-m-thick GaN film on sapphire. The -minimum versus thickness spectrum shows the as-grown GaN to be of high structural quality with a 3% minimum yield at the surface of the film. The figure also shows channeling data plotted for the same GaN sample after 1.5 m of the GaN was removed by argon-ion milling. Dechanneling, a result of the increased dislocation density near the interface, 19 begins approximately 700 nm below the ion-milled surface and extends down to the film/substrate interface. The measured thickness of the GaN/sapphire defective interfacial region is approximately 350 nm. It should also be noted that the -minimum of the ion milled surface compares very well with that of the as-grown GaN indicating that the GaN surface suffered no measurable degradation from the argon-ion beam bombardment. The same ion-milling process was subsequently performed on LLO GaN films bonded onto Si substrates. Figure  3 shows the -minimum yield as a function of depth for the as-separated and ion-milled GaN on Si. The c-RBS results show a twofold decrease in the backscattering yield after etching away 50 nm of the interfacial layer, indicating removal of line defects within the GaN. Following a 400 nm etch, the -minimum values were found to be comparable to those of the as-grown GaN/sapphire surface. X-ray rocking curve of the as-separated and ion beam processed GaN/Si samples also showed a slight narrowing of the GaN 0002 reflection FWHM from 0.16°to 0.14°after a 400 nm ion mill etch. Atomic force microscopy of the exposed GaN interface showed a decrease in the surface roughness ͑over a 1 ϫ1 m 2 area͒ from 24 nm ͑rms͒ after LLO to 2.2 nm ͑rms͒ after ion milling.
Low-temperature ͑4 K͒ PL measurements corroborate the c-RBS data. After removal of the defective interfacial layer, the FWHM of the DX peak decreased to ϳ16 meV, comparable to that of the original GaN film surface as shown in Fig. 4 . A 5.3 meV redshift in the DX peak indicates relief of a biaxial compressive stress in the GaN after LLO from the sapphire. 20 These results demonstrate that ͑i͒ the LLO process does not degrade the optical or structural quality of the GaN film as assessed by PL and c-RBS, and that ͑ii͒ removal of the exposed interfacial layer on a LLO GaN film yields a GaN surface of structural and optical quality that is comparable to that of the top surface of an as-grown GaN film on sapphire. 4 . Low-temperature PL of the GaN thin film after ion milling. The DX peak FWHM was comparable to that from the original GaN surface after removing 400 nm of the former interface. A slight redshift is due to release of the compressive stress after removing the sapphire substrate. The relative DX peak intensities have been normalized to better show the change in the FWHM and redshift. The relative peak intensities of the original surface and ion milled interface were within 5% of each other.
